Polyphenols in dietary and botanical matrices are usually present as simple and complex Oglycosides. In fermented dietary materials, the glycosidic moiety is removed and accompanied in some cases by more complex changes to the polyphenol. As for most xenobiotics, polyphenols undergo phase II conjugation in the intestinal wall during their absorption from the gut. In contrast, a few polyphenols, such as puerarin in the kudzu vine, are C-glycosides and are stable in the gut and during absorption, distribution and excretion. Large bowel bacteria reduce polyphenol aglycones, causing opening of the heterocyclic B-ring and ring cleavage. The products are mostly absorbed and enter the bloodstream. Phase I and II metabolism events occur in the intestine and the liver -most polyphenols predominantly circulate as β-glucuronides and sulfate esters with very little as the aglycones, the presumed active forms. In addition, metabolism can occur in nonhepatic tissues and cells including breast tumor cells that have variable amounts of cytochrome P450s, sulfatase and sulfotransferase activities. Inflammatory cells produce chemical oxidants (HOCl, HOBr, ONO 2 − ) that will react with polyphenols. The isoflavones daidzein and genistein and the flavonol quercetin form mono-and dichlorinated products in reaction with HOCl. Genistein is converted to 3′-nitrogenistein in the lung tissue of lipopolysaccharide-treated rats. Whereas polyphenols that can be converted to quinones or epoxides react with glutathione (GSH) to form adducts, chlorinated isoflavones do not react with GSH; instead, they are converted to β-glucuronides and are excreted in bile. Analysis of polyphenols and their metabolites is routinely carried out with great sensitivity, specificity and quantification by LC-tandem mass spectrometry. Critical questions about the absorption and tissue uptake of complex polyphenols such as the proanthocyanins can be answered by labeling these polyphenols with 14 C-sucrose in plant cell culture and then purifying them for use in animal experiments. The 14 C signature is quantified using accelerator mass spectrometry, a technique capable of detecting one 14 C atom in 10 15 carbon atoms. This permits the study of the penetration of the polyphenols into the interstitial fluid, the fluid that is actually in contact with non-vascular cells.
Introduction
Research on the effects of dietary polyphenols on human health is seriously influenced by the gap between what is in the food and how individual polyphenols are delivered and operate at the level of the cell. While numerous investigators have demonstrated interesting biochemical, biological and mechanistic effects of polyphenols in cell culture, the concentrations required (in the micromolar range) far exceed those that can be delivered from the diet. As for xenobiotics developed by the pharmaceutical industry for therapeutic interventions, the questions of the chemical and physical forms of polyphenols and their oral bioavailability and metabolism are huge issues to consider. This summary of the metabolism and distribution of polyphenols takes into account the changing chemistry that occurs before the dietary source is consumed as well as the more traditional metabolic events within the human or animal model used. With the advent of personalized medicine we can expect that diet may need to be personalized to take into account the variable metabolism of foods and their components (also xenobiotics) in individuals. This will represent a considerable challenge for the food industry to develop suitable products that match human tastes and needs and can be economically viable to produce for consumption.
Polyphenols
These encompass a large group of plant-derived compounds containing more than one phenolic group. These include the bioflavonoids (anthocyanins, flavanols, flavonols, flavones, flavanones, isoflavones and proanthocyanins), coumestanes, lignans, and stilbenoids ( Fig. 1) . Consideration should also be given to their intermediates formed during synthesis as well as their metabolic products since it should not be assumed a priori that the bioactive form of a dietary source of polyphenols is any of the recognized polyphenols in the food.
In the plants, polyphenols are mostly found in complex chemical forms as β-glycosides (mono-and diglycosides of hexoses and pentoses), often with the sugar moiety further esterified. In the cotyledon and hypocotyl of the soybean the isoflavone genistein (5,7,4′-trihydroxyisoflavone) is present as its 6″-O-malonyl-7-O-β-D-glucoside 1,2 ( Fig. 2A) . In the tuber of Apios americana there is a 7-O-β-D-glucosylglucoside of genistein 3 (Fig. 2C) . Besides the addition of hydrophilic sugars, in some plants the polyphenols are more hydrophobic because of prenylation 4, 5 . For example, the bioactive in Horny Goat Weed (a Chinese botanical preparation from Epimedium grandiflorum) is icariin, a 3,7-diglycoside of the polyphenol kaempferol with a 8-prenyl substituent (Fig. 3) . It is believed to have a role in increasing the bioavailability of nitric oxide 5 . In pharmacology, many lead compounds are modified to introduce hydrophobic groups to increase their residence time at a receptor or target binding site. Investigators should therefore be aware of the possible role of small amounts of these modified polyphenols since their bioactivity may be otherwise underestimated. One should not assume that the largest peak in a high performance liquid chromatographic (HPLC) or liquid chromatography-mass spectrometric (LC-MS) chromatogram is automatically the one with the most bioactivity.
Impact of food processing on polyphenol presentation
Interest in polyphenols and health has largely come about from epidemiological studies designed to explain world-wide differences in the incidence of chronic diseases such as cancer and atherosclerosis. These epidemiological data are dependent on what was the polyphenols content of the foods eaten in different parts of the world. This creates a problem in translating the dietary practices of one country to another -since taste is usually established early in life, successful translation involves consideration of taste as well as other dietary norms. The peoples from the countries of Southeast Asia have a noticeably lower incidence of and mortality from breast 6 and prostate cancer 7 which has been attributed to their intake of soy and its isoflavones 8, 9 . Many of the Southeast Asian foods are fermented (miso in Japan, tempeh in Indonesia and soy paste in Korea). Fermentation typically converts the polyphenol glycosides to their aglycone forms. This is significant from the standpoint of intestinal uptake since in most cases the aglycones are more readily absorbed from the small intestine than their glycosidic counterparts. Prolonged fermentation also leads to additional modifications to the polyphenols. For instance, fermented soy sauces contain 6-and 8-hydroxylated isoflavones 10 (Figs. 4A and 4B). These modifications increase the antioxidant potential of the isoflavone 11 . Fermentation also leads to formation of tartaric acid ethers of isoflavones (Fig. 4C) 12 .
Soy is consumed in Southeast Asia principally in the form of soymilk and tofu (a coagulated, largely proteinaceous product derived from soymilk). Due to the need to inactivate the protease inhibitors in soybeans, soymilk is treated at super-heated steam temperatures (121°C). This causes the hydrolysis of the 6″-O-malonoyl ester moiety yielding simple β-glycosides 13 . Many of the latter are easily hydrolyzed to the aglycones by the small intestinal enzyme lactose phlorizin hydrolase (LPH) 14 . Therefore, both fermentation and soymilk preparation lead to foods in which the isoflavones are in forms that are quickly taken up from the small intestine. In contrast, soy foods prepared in the USA and Western Europe are focused on protein and low-fat forms. They are mostly manufactured from soy flour, a material derived from hexane extraction of soybean flakes. This retains the isoflavones as their 6″-O-malonyl-7-O-β-D-glucosides 1,2 ( Fig. 2A) . The soy flour is converted into soy protein concentrates (70% protein w/w) and soy protein isolates (90+% protein w/w). In these processes, the isoflavones may be essentially lost (because of an aqueous alcohol wash step) or (partially) converted by dry heat from the 6″-O-malonyl-7-O-β-D-glucosides into their 6″-O-acetyl-7-O-β-D-glucosides by decarboxylation (Fig. 2B) . These forms of the isoflavones are not effective substrates of small intestinal LPH and therefore proceed to the large intestine where they are hydrolyzed by bacterial enzymes. The latter also cause the conversion of the isoflavone aglycones into several metabolites prior to first-pass uptake.
Uptake and bioavailability of polyphenols
There has been an excellent set of reviews of differences in the uptake and bioavailability of polyphenols and the reader is encouraged to refer to them [15] [16] [17] . In theory, polyphenols ought to be substrates for the small intestine sodium-dependent glucose transporters. While this is true for polyphenols such as phlorizin (which is well known to inhibit glucose transport) and C-glucosides such as puerarin), β-glucosidase activity in the intestinal lumen or LPH in the enterocyte causes hydrolysis of polyphenol O-glycosides. In essence, the challenge is the same for all xenobiotics; in the absence of a specific transporter for polyphenols, their uptake is dependent on their hydrophobicity and aqueous solubility since they utilize passive diffusion to cross the intestinal cell membrane. Hydrophobic polyphenols are more easily transported; however, their aqueous solubility is lower and may limit how they approach the intestinal wall from the luminal side. Once inside the intestinal cell, polyphenols undergo metabolism to their β-D-glucuronide and sulfonate esters. As a result, very little of the aglycone diffuses through the intestinal cell to be excreted on the basolateral side into the bloodstream. The capacity of the intestinal cell to carry out metabolism is extensive and therefore orally administered polyphenols for the most part are converted to phase II metabolites. This is in contradistinction to polyphenols administered parenterally, intramuscularly or intravenously. In each of these latter routes of administration, there will be substantial amounts of unconjugated polyphenols in the blood 18 . The biological response will therefore be quite different. An analogy is the different effects of orally and intravenously (i.v.) administered estrogens. 17β-Estradiol has to be chemically converted to its 17α-ethinyl or 3-methyl ether forms to be used pharmacologically since orally administered 17β-estradiol is 500 times less estrogenic than when it's administered intravenously.
An exception to the intestinal metabolic barrier to polyphenols is the class of polyphenols containing C-linked glycosides. A prominent member of this class is puerarin, the 8-Cglucoside of daidzein ( Fig. 2C) , which is present in large amounts in kudzu root of a vine (Pueraria lobata) endemic to Southeast Asia. It was presented as a gift from the Japanese government to the USA in recognition of their 100 years of Independence. It was successfully used as a ground cover to protect from soil erosion during the Great Depression in the 1930s; however, it has grown without opposition from predators and is draped over many of the trees in the Southeastern USA. The C-glycosides are not substrates for either the luminal hydrolases or the bacterial hydrolases that hydrolyze the O-glycosides. As a consequence, they are substrates for the sodium-dependent glucose transporter and enter the blood stream rapidly and in an unmetabolized form 19 . Peak blood concentrations are achieved in less than 60 min after oral intake and puerarin is largely excreted into the urine without further metabolism 20, 21 . Small amounts of puerarin are observed in bile as its β-Dglucuronide 21 . It is likely that puerarin can be taken up by other cells containing glucose transporters. Indeed, puerarin has been detected in the eye and brain 21 .
Importance of bacterial transformation of polyphenols
As noted earlier, most dietary polyphenols are in a latent chemical form and depend in part on bacterial hydrolysis for their availability. As a consequence, the nature of the bacterial populations and the intestinal transit time are important aspects of what is actually absorbed into the blood. Rapid large bowel transit limits the secondary stages of metabolism that cause reduction, ring opening and ring cleavage of polyphenols. For an isoflavone such as daidzein (7,4′-dihydroxyisoflavone), the Δ 2-3 group is reduced to make dihydrodaidzein and subsequently S-(−)-equol, or the heterocyclic C-ring is cleaved to make Odesmethylangolensin (Fig. 5) . As shown by Setchell et al. 22, 23 , only the S-(−) enantiomer of equol ( Fig. 5 ) is present in man and rodents. He also showed that S-(−)-equol is about 30 times more potent as an estrogen than its R-(+)-enantiomer (Fig. 5) 22 . Interestingly, R-(+)equol is chemopreventive in a rat model of breast cancer, whereas S-(−)equol is not 24 . This result suggests that chemoprevention in this animal model is not via effects on estrogen receptor signaling. It should be noted that there is a chiral center on the C3 carbon atom in dihydrodaidzein and O-desmethylangolensin; whether they exhibit the marked differences in their properties as observed for equol awaits further investigation.
Delayed transit through the large bowel results in opportunities for further degradation of polyphenols. An inverse relationship between large bowel transit time and peak isoflavone blood concentrations has been reported 25 . The non-isoflavone metabolites arise from cleavage of the heterocyclic ring to yield p-ethylphenol (Fig. 6A ), 2-(4-hydroxyphenyl)-propionic acid (Fig. 6B ) and 4-hydroxyphenylacetic acid (Fig. 6C ) among other metabolites 26 . The flavonoids undergo similar reactions; however, the 2-position of the Bphenolic ring results in their conversion to 3-(4-hydroxyphenyl)-propionic acid (Fig. 6D) 27 . Interestingly, these hydroxyphenylacetic and hydroxyphenylpropionic acids can undergo reactions with oxidants such as peroxynitrite to make nitro-derivatives 28 . Benzoic acid derivatives from the A-ring of the bioflavonoids can be converted to glycine conjugates (the hippuric acids). p-Ethylphenol is converted to its β-glucuronide and sulfate ester 29 .
Consequently, the bacterial flora of the gut represents an important aspect of polyphenols metabolism. In the case of equol production, only about 30% of the population are equolproducers 30, 31 . In some studies, equol producers appear to have a health advantage over the non-equol producers 32 . However, a randomized controlled clinical trial revealed no association of equol production and vascular function in postmenopausal women 33 . Fermented soy germ products containing S(−)-equol have become available and it will be interesting to test the equol hypothesis by administering them to equol non-producers 34 .
Another aspect to consider is to what extent polyphenols regulate the composition of the bacterial flora. This may be particularly important for the poorly absorbable proanthocyanidins, oligomers (n=2-10) of flavanols. Potentially, these complex polyphenols could alter the bacterial populations as well as change the composition of other quite unrelated bacterial metabolites produced from dietary components that are absorbed into the bloodstream. In this scenario, the effect of the polyphenols could be entirely indirect and not require any absorption of the polyphenols or its metabolites.
Peripheral metabolism of polyphenols
Polyphenols that enter the blood stream via the gut are transported to the liver where further phase I (cytochrome P450-mediated) or phase II reactions can occur. The latter, besides β-glucuronidation and sulfation ( Fig. 7A and 7B ), include methylation and glycine conjugation (for metabolites where a carboxylic acid group has been previously introduced). In cases where epoxides are generated because of vicinal hydroxyl groups on the polyphenol, the polyphenol can form glutathione conjugates (Fig. 7C ) and eventually mercapturic acids 35 . Polyphenols have been long described as anti-oxidants. An important site for the production of oxidants is during activation of neutrophils, macrophages and other inflammatory cells. The oxidative bursts to produce superoxide and hydrogen peroxide to kill perceived foreign intruders also result in the formation of hypohalous acids and peroxynitrite. Neutrophil myeloperoxidase catalyzes the formation of hypochlorite (HOCl) from hydrogen peroxide and chloride ions 36 . In eosinophils, eosinophil peroxidase carries out a similar reaction but 1000 times more specifically with bromide ions to form hypobromite (HOBr) in the lung where alveolar macrophages reside 37 . HOBr is also a product of myeloperoxidase 38 . In each of these cells, the generation of superoxide (O −.
2 ) leads to radical-radical reaction with nitric oxide (NO . ) to form peroxynitrite (ONO − 2 ) 39 . In addition to reacting with polyphenols, these oxidants react with tyrosine residues on proteins. Urines of patients with atherosclerosis contain elevated levels of 3′-bromo-, 3′-chloro-and 3′-nitrotyrosine 40, 41 . The oxidants in a similar way react with polyphenols to generate 3′-bromo-, 3′-chloro-and 3-nitro-derivatives [42] [43] [44] , as well as oxidation of the phenyl B-ring 45 . Unlike tyrosine, chlorination of polyphenols can also occur on the 6-and 8-positions in the A-ring 46, 47 . Those modified polyphenols have been shown to have altered biochemical properties 48, 49 . This includes a 2-3 fold increase in their anti-oxidation properties in an LDL oxidation assay. Interestingly, in a pharmacophore analysis of the epidermal growth factor tyrosine kinase, 3′-chloro-5,7-dihydroxyisoflavone was identified as a 10-fold better inhibitor than genistein with an IC 50 of 98 nM 50 .
HOCl not only reacts with genistein, but also its β-glucoside, genistin (Boersma, B., Kirk, M. and Barnes, S., unpublished data). This suggests that HOCl should also react with isoflavone β-D-glucuronides if they are in the same biological compartment. However, attempts to identify chlorinated isoflavones in the blood and urine of rats treated with lipopolysaccharide have not been successful. However, 3′-nitrogenistein was discovered in the lungs of these animals (D'Alessandro, T., Wang, C-C., Kirk, M. and Barnes, S., unpublished observations).
If chlorinated isoflavones are formed in vivo, they would be expected to be handled similarly to other isoflavones and excreted in bile. Synthetic chloroisoflavones were infused into the portal and femoral veins of anesthesized rats with an indwelling cannula in the bile duct. 3′-chlorodaidzein rapidly appeared in the bile as its β-D-glucuronide when infused into either vein (D'Alessandro, T; Moore, D.R., Barnes, S., unpublished observations). This argues that either chlorinated isoflavones are not formed in vivo or that they are converted to other metabolites under conditions of oxidative stress. Since all of the administered dose was not recovered after infusion of the chlorodaidzeins, it was hypothesized that chlorodaidzeins could form glutathione conjugates. However, attempts to demonstrate the formation of glutathione conjugates of chlorinated isoflavones have not been successful; this may reflect the specific substrate requirements of the glutathione S-transferases. It is possible that isoflavone metabolites with vicinal hydroxyl groups such as orobol (3′-hydroxygenistein) may form glutathione conjugates and hence mercapturic acids. Another factor was the plasma binding of these compounds. Other polychlorinated compounds such as the pesticide dichloro-diphenyl-trichloroethane (DDT) are known to be highly bound to plasma proteins 51 , as was observed with dichlorodaidzeins. At 10 μM, less than 30% of dichlorodaidzein was not bound to proteins in the plasma fraction (D'Alessandro, T; Moore, D.R., Barnes, S., unpublished observations). This adds another level of complexity when considering the efficacy of dietary supplements.
Another site of polyphenol metabolism is in specific cell types used in tissue culture experiments. Breast cancer cells have highly variable amounts of phenol sulfotransferases. In the estrogen-responsive ZR-75-1 breast cancer cells, genistein added to the medium is completely converted to its 7-sulfate ester within 24 hours of its addition to the cell culture medium 52 . Therefore, in these cells, genistein has no estrogenic effect despite their sensitivity to estradiol-stimulated cell proliferation. In other cells, this sulfating capacity is either lower or totally absent 52, 53 and this may result in very different responsiveness of individual cell types to polyphenols and hence conclusions as to likely events in vivo.
Distribution of polyphenols
Polyphenols are distributed in widely different concentrations throughout the body (Fig. 8) . The highest concentrations of polyphenols are present in the lumen of the gastrointestinal tract. If polyphenols and/or their metabolites cross the gastrointestinal barrier, they enter the bloodstream and to a lesser extent the lymphatics. Polyphenols transported into the bile are present in high concentrations. Urine concentrations of polyphenols and their metabolites are also high (typically 30 times or higher than in the blood) because of (1) their effective filtration at the glomerulus and (2) the efficient recovery of the water from the glomerular filtrate. In addition, there is evidence that active proximal tubular anion excretion of polyphenols occurs. In rats, this appears to account for the large proportion of equol in blood since its renal clearance is much lower than its parent isoflavone, daidzein and other isoflavones 54 . Tissue distribution of polyphenols has been described in a few cases. One interesting extrahepatic site where significant accumulation of isoflavones occurs is in prostatic fluid 55, 56 and in the prostate 57 . In prostatic fluid, concentrations of daidzein and its metabolites (but not genistein) are 20-50 times higher than in the blood 56 . A rationale for this observation has yet to be established. Possible other extrahepatic sites of accumulation are suggested by the high volumes of distribution derived from analysis of plasma disappearance curves of i.v. administered isoflavones 58 .
An interesting microcompartment not usually studied is the exosomal fraction. Exosomes are double-layered lipid particles secreted by many cells and represent a pathway for maintaining lipid balance in a cell. They are derived from lysosomal processing. On exit from the cell, they carry proteins whose composition may be regulated by polyphenols. Exosomes fuse with other cells in the vascular space and transfer their protein baggage to these cells. They therefore have endocrine-like properties. Breast tumor cells secrete exosomes that inactivate the response of natural killer cells to interleukin-2 and thereby establish immune tolerance 59 . Curcumin (diferuloylmethane) inhibits this inactivation effect of exosomes at low nM concentrations and appears to do so via its effects on ubiquitination of the proteins contained in the exosomes 60 . The ubiquitinated proteins would be processed by the natural killer cells. Interestingly, curcumin administered in exosomes has a substantially higher ability to prevent lipopolysaccharide-induced inflammation 61 . This has implications for the delivery of bioactive compounds in foods by exploiting food processing methods that micronize these compounds.
Identifying and quantifying polyphenol metabolites
Many of the earlier studies of polyphenols metabolism were carried out using gas-liquid (GC) chromatography. We have reviewed the relative merits of the different methods of polyphenol analysis 62 . More recently, high-pressure liquid chromatography (HPLC or LC) combined with electrospray ionization 63 or atmospheric pressure chemical ionization 64 has overcome the problem of getting complex polyphenols into the gas phase for analysis by mass spectrometry. We have described in detail the various mass spectrometry methods for polyphenol analysis 65, 66 .
While mass spectrometry of the molecular ions of polyphenols ([M+H] + or [M-H] − ) can be easily carried out, the presence of several isomers of the same molecular weight means that it is critical to have sufficient chromatographic separation of isobaric isomers. An alternative is to isolate the molecular ion and fragment it by collision-induced dissociation in a triple quadrupole or ion trap mass spectrometer 66 . The pattern of fragment ions reveals the different structures of the isomers. For instance, daidzin and puerarin, the O-and Cglycosides of daidzein, which have identical molecular weights, are readily differentiated because daidzin loses the entire glucose moiety ([M-162]) upon fragmentation, whereas puerarin retains the link to the sugar but undergoes multiple losses of water 67 . Quantitative assays can be built on combining the parent and specific fragment ions, thereby allowing individual polyphenols and their metabolites to be detected in very complex milieu 68 . This can be carried out on 11-15 compounds at a time for samples with concentrations in the low nanomolar range 69 . For the best approach to quantitative analysis, heavy, isotopically labeled internal standards are used. Both d 6 -and 13 C 3 -labeled isoflavones have been used in this type of application 70, 71 .
Challenges in polyphenol metabolism
Quantifying the amount of polyphenols in specific tissues, particularly the brain, is fraught with difficulties, largely associated with effective extraction and sensitivity. An approach being taken in the Purdue University-University of Alabama at Birmingham Botanicals Center for Age-Related Disease is the use of plant cell synthesis of 14 C-labeled polyphenols in combination with accelerator mass spectrometry (AMS) 72 . A cartoon summarizing this process is illustrated in Figure 9 . Figure 9 , step A shows the use of the plant cell to carry out the specific synthesis of radiolabeled polyphenols which overcomes problems associated with the complexity of polyphenols structures and, where they exist, of chiral centers which could not be produced selectively by chemical methods. Details of duration and amount of 14 CO 2 exposure in labeling experiments vary, but generally the amount of 14 C needed is quite low [73] [74] [75] [76] [77] . The challenge is separating the radioactive polyphenols, but assuming suitable chromatographic methods overcome this, then very small amounts (typically ~50 nCi or 105 μrem if the dose is in the form of an ingested organic compound) of the purified 14 C-labeled polyphenols can be used in rats or human studies (step B of Figure 9 ) 78 . By way of comparison, this is one third of the hourly radiation dose received by a passenger on a Paris-Buenos Aires flight in 1991 79 . Besides radiological safety, the smallness of the dose also means that in many cases physiologically relevant oral doses are possible. Returning to our example, if the polyphenol is labeled at 10 μCi/μmol, then the 50 nCi dose represents 1.1 × 10 5 dpm, 5 nmol, or ~1.2-1.5 μg. If only 0.1% of the polyphenol was absorbed by the brain, then this would be 1.1 × 10 2 dpm, 5 pmol or 1.2-1.5 ng. An investigator examining the brain of a rat (3 g) could take 3 mg of wet tissue for analysis. This would contain 0.11 dpm, 5 fmol or 1.2-1.5 pg. To measure this by GC-MS, LC-MS and most other techniques would be a struggle or, in the case of radioactive disintegrations, impossible. However, by converting the 3 mg of tissue to elemental carbon, accelerator mass spectrometry can measure the 14 C content as low as 10 attomoles or 1 14 C atom in 10 15 total carbon atoms 73 . The conversion to elemental carbon is accomplished by combusting the sample to form CO 2 and then reducing it to form graphite 80 . The small vials shown in Figure 9 , step C contain the graphite. The final step in the process (step D) is to take the graphite and pound it into a small, cylindrical piece of metal that has a hole in it for acceptance of the sample. The cylindrical piece of metal is called a cathode because this is the electrical role it plays in the AMS ion source. This step is called loading. After loading the sample is inserted into the AMS ion source and assayed. For the, dose, recovery, and sample characteristics mentioned earlier the signal-to-noise for this measurement would be approximately 1000:1.
The low detection limit of AMS is made possible by variety of techniques; such as, chemically preparing the sample so that it yields high current for the element of interest in the AMS ion source whilst suppressing interfering ions; the destruction of interfering molecular ions in the accelerator; multiple levels of traditional mass spectrometric electric and magnetic separation; and use of a detector that can differentiate between differing nuclear charges 81 . The major steps in an AMS analysis are summarized in Figure 10. Step A) shows the cesium sputter ion source. Positively charged cesium ions are formed on the surface of an ionizer which is typically a slice of a sphere. The positively formed cesium ions are accelerated onto the sample and negatively charged ions of the sample of interest are accelerated away after impact from the cesium ions. Next (step B), there is low-energy mass analysis. This is usually done with a large magnet that allows only ions with the massto-charge ratio of interest to pass. Essentially, the source and the magnet on the low-energy side comprise a magnet sector mass spectrometer. Next, the beam is injected into an accelerator (typically 1-10 MeV) and accelerated through a gas, metal foil, or both. At this point multiple electrons are stripped from all the ions and interfering molecules become unbound. On the high-energy side, a multiply charged ion (for carbon this is typically +3 or +4) of the element of interest is selected by another magnet and subjected to energy analysis (i.e., an electrostatic analyzer) and injected into a gas ionization detector (step E). This type of detector can differentiate between different nuclear charges. This is important for differentiating between 14 C and the small amount of 14 N that makes it down to the detector.
The ultra sensitivity of AMS allows for unique science. For example, studies can be carried out for the lifetime of a human subject with one small dose 82 , over multiple generations in an animal model as the tracer is passed to offspring in mother's milk 83 , and for physiologically relevant doses to be explored in small mammals 84 . It should be noted that traditional AMS instruments are very large due to the high energies required. The AMS available at Purdue University is roughly 50 meters from source to detector. However, many routine carbon analyses can be conducted at lower energy and smaller AMS instruments are becoming more common. Even though they have a higher detection limit than the larger instruments, most biological samples are high enough above background that this is not a consideration for most studies. For our purposes, this level of sensitivity permits the investigation of the kinetics of how polyphenols' metabolites enter the interstitial fluid space. For non-vascular cells, it is the interstitial fluid (ISF) that bathes cells rather than the blood and it is therefore more important to understand the polyphenols and their metabolites composition and concentration in this fluid rather than blood. By implanting membrane probes in the tissue of interest one can follow the concentrations of 14 C labeled compounds into the tissue of interest with a high degree of precision 85 (Fig. 11) . Ultrafiltrate probes remove ISF under a negative pressure gradient. With microdialysis probes, an iso-osmotic fluid is pumped through the semi-permeable membrane implanted in the tissue and labeled compounds diffuse into the probe along a concentration gradient. The microdialysis probes combined with AMS are especially useful for studying brain chemistry. Because of the blood brain barrier concentrations in brain ISF are often orders of magnitude less than plasma concentrations. However, with the sensitivity of the AMS it is still possible to determine pharmacokinetics and bioavailability in brain with high precision. Ionization of the sample in ion source (A), is followed by mass separation (B), destruction of interfering molecules (C), more mass and energy analysis (D), and finally detection in a gasionization detector (E). A 14 C-preparation of proanthocyanidins (50 nCi) was administered to adult rats by gavage. Blood, interstitial fluid and brain microdialysate were collected from unanesthetized, freeliving rats implanted with in-dwelling cannulas to recover these fluids.
